Carrier relaxation and recombination in GaAs/AlGaAs quantum heterostructures and nanostructures probed with time-resolved cathodoluminescence J. Appl. Phys. 81, 3186 (1997) Ultrafast time-resolved terahertz spectroscopy is employed to investigate the carrier dynamics of indium nitride ͑InN͒ nanorod arrays and an epitaxial film. Transient differential transmission of terahertz wave shows that hot carrier cooling and defect-related nonradiative recombination are the common carrier relaxation processes for InN film and nanorods. However, the electrons confined in the narrow structure of nanorods are significantly affected by the carrier diffusion process near the surface, which causes the abnormally long relaxation time for nanorods.
I. INTRODUCTION
Due to its intrinsic narrow bandgap and remarkably large energy difference between the conduction band minimum and the next local minimum, indium nitride ͑InN͒ inspires potential applications in the terahertz range. Recently, lowdimensional InN nanomaterials in the forms of nanowires, nanorods, nanotubes, etc., have received great attention due to their importance in near-infrared optoelectronics and photovoltaic applications. Unambiguously, carrier dynamics in these nanomaterials is one of the most important aspects of material properties for optimized performance of optoelectronic applications. Carrier dynamics in semiconductors is typically investigated by using optical pump-probe technique, of which the photon energy of the probe is of the order of the bandgap energy of the samples. The photon energy of terahertz probe is very small ͑1 THz= 4 meV͒ compared to that of optical probe so that it has a unique capability of examining the ultrafast relaxation mechanisms of free electrons, which can provide the essential information for device design and optimization. Several results on the ultrafast carrier dynamics of InN epilayers have been reported by using time-resolved optical [1] [2] [3] [4] or terahertz spectroscopy, 5 but no systematic study has been reported on carrier dynamics of InN nanostructures. In the present work, we report on the carrier dynamics of InN nanorods compared to that of InN epilayer measured by optical pump-terahertz probe technique. Previously, we have reported a significant enhancement of terahertz emission from InN nanorod arrays compared to that from InN epilayer. 6 The major terahertz emission mechanism of InN film has been proposed to be the photoDember effect, which is driven by the transient current due to the difference of diffusion velocities of electrons and holes. Furthermore, a modified photo-Dember effect is suggested to explain the enhancement mechanism of terahertz emission from the nanorods, where terahertz emission depends on the size and aerial density of the nanorods. A terahertz time-domain spectroscopy ͑TDS͒ measurement showed that InN nanorods have much shorter Drude scattering time constant than InN film, which may be due to the less perfect crystalline quality of the nanorods as well as the geometrical confinement of mobile carriers in the rods. 7 Since terahertz emission is based on the transient behavior of the carriers, it is essential to characterize the carrier dynamics of InN films and nanorods in order to understand terahertz emission mechanism from these samples. Time-resolved terahertz transmission measurement allows us to study the transient optical responses and electron transfer mechanism of vertically aligned InN nanorod arrays, which cannot be explained by the static measurement techniques such as terahertz TDS. Distinctively fast decay of photoexcited carrier density is observed for the InN nanorod arrays compared to the InN films, which is attributed to the defect-related electron trapping and the increased interaction with the boundaries of nanorods. Additionally for nanorods, reduced diffusion rate in the vicinity of the surface is found to play an important role in the carrier relaxation dynamics at the long time delay.
II. EXPERIMENT
In these measurements, ultrafast optical pump was provided by a Ti:sapphire regenerative amplifier laser system, which delivers ϳ50 fs optical pulses at a center wavelength of 800 nm with a repetition rate of 1 kHz. The terahertz probe beam was generated from a photoexcited ͑100͒ InAs surface and detected by free-space electro-optic sampling in a 2-mm-thick ZnTe crystal. In the optical pump-terahertz probe experiment, the transient behavior of the photoexcited carriers was monitored by measuring the transmitted peak amplitude of terahertz waveforms at normal incident angle as a function of delay time between the terahertz probe and optical pump pulses. The static electrical properties of the samples were separately measured by a terahertz-TDS system based on low-temperature-grown GaAs photoconductive dipole antennas, which were excited and probed by a Ti:sapphire laser at a repetition rate of 82 MHz. All the measurements were done under dry nitrogen purge.
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For this work, a wurtzite InN epitaxial film and vertically aligned InN nanorod arrays were grown on Si͑111͒ substrates by plasma-assisted molecular-beam epitaxy. The InN epilayer was grown on Si͑111͒ using the epitaxial AlN/ ␤-Si 3 N 4 double-buffer layer technique. 8 The InN nanorods were grown at a sample temperature of 330°C on ␤-Si 3 N 4 / Si͑111͒ without the AlN buffer layer. The scanning electron microscopy ͑SEM͒ image of the hexagonal-shaped nanorods exhibits nanorods with a uniform diameter of ϳ130 nm and an average aspect ratio ͑height/diameter͒ of ϳ6. The nanorod arrays have an aerial density of ϳ5 ϫ 10 9 cm −2 . The thicknesses of the InN epilayer and nanorods are about 1.0 and 0.75 m, respectively. The morphology and size distribution of InN nanorods were analyzed using SEM. Electrical characteristics were measured by terahertz TDS, 7 and the characteristics are as follows: InN epilayer film has a carrier density N e = ͑2.5Ϯ 0.2͒ ϫ 10 18 cm −3 and a carrier mobility = 1217Ϯ 58 cm 2 / V s, while nanorods have N e = ͑4.9Ϯ 0.2͒ ϫ 10 19 cm −3 and =80Ϯ 5 cm 2 / V s. The corresponding plasma frequencies of InN film and nanorods are 52Ϯ 1.2 and 199Ϯ 3 THz, respectively. Figure 1 shows near-infrared reflectivity of InN film and nanorods measured at the wavelength covering from 800 to 2400 nm. The oscillation of reflectivity of InN film is due to the light interference within the thin film in the transparent region below the bandgap energy. Meanwhile, the decrease in reflectivity of InN nanorods at the wavelength below 1500 nm ͑Ϸ199 THz͒ is attributed to the collective behavior of electrons and holes above the plasma frequency. The reflectivity responses at the pump wavelength ͑800 nm͒ show that InN nanorods absorb more light than InN film, which is due to the increased surface-to-volume ratio for nanorods. Figure 2 shows the time-dependent differential transmission signals of InN nanorods ͑blue͒ and the epilayer ͑black͒:
III. DATA AND DISCUSSION
, where ⌬T terahertz 0 is the transmitted intensity of terahertz probe through the unexcited sample. Each sample is excited at the laser fluence of 1.1 mJ/ cm 2 . As soon as the pump pulse arrives, transmission responses of both samples instantaneously drop and the sampleindependent sharp fall time is measured to be 0.6-0.7 ps. Due to our relatively broad pulsewidth of terahertz probe ͑ϳ0.6 ps͒ and the slow detector response time, sampledependent fall time cannot be monitored. The transmission response of InN film gradually recovers from 70% to ϳ22% within 200 ps, while that of nanorods quickly recovers to its steady value within 2 ps and persists at this value over 200 ps.
The solid lines in Fig. 2͑a͒ are obtained from a biexponential fit,
where ⌬T terahertz max is the maximum transmission change, A is the weighting factor, and i are relaxation time constants. Single exponential recovery function results in poor fitting for each sample. According to the best fit parameters listed in Table I , the initial fast relaxation time ͑ 1 ͒ of nanorods is 2.6Ϯ 0.5 ps and that for InN film is 30.7Ϯ 0.9 ps. The slow relaxation time ͑ 2 ͒ of the InN film is 194Ϯ 2.5 ps, but that of nanorods is much longer ͑Ͼ7 ns͒ and its accurate value cannot be determined by our system with a limited scanning range. From the measured ⌬T terahertz / T terahertz 0 data, the timedependent carrier density in a photoexcited sample can be calculated by the relation
where n = 3.3 is the refractive index for silicon substrate in the terahertz range, 10 ␦ = 133 nm is the optical penetration depth of 800 nm light, 11 and Z 0 = 377 ⍀ is the impedance of free space. With the electron mobilities measured by terahertz TDS, N͑t͒ is calculated for nanorods and film and shown in Fig. 2͑b͒ . The peak values of the carrier density near zero time delay indicate that during the pump pulse, photoexcited carriers of ϳ1.0ϫ 10 19 cm −3 is generated for InN film, which is higher than its unintentionally doped carrier concentration ͓͑2.5Ϯ 0.2͒ ϫ 10 18 cm −3 ͔. On the contrary, pump pulse generates ϳ2.3ϫ 10 19 cm −3 of photoexcited carrier density for nanorods, which is of the same order to or lower than its free electron concentration.
Observed biexponential relaxation of InN film agrees with other experimental results, in which the carrier dynamics is found to be due to the hot carrier cooling through phonon emission followed by the defect-related nonradiative recombination process. 1, 2, 5 The fast relaxation time of 30 ps measured for our InN film is consistent with that of 48 ps for InN film ͑N e = 1.2ϫ 10 19 cm −3 ͒ measured by the optical pump-probe technique. 1 Meanwhile, previously measured near-infrared photoluminescence ͑PL͒ response shows that PL efficiency for nanorods is two orders of magnitude lower than that for InN epilayer, 12 indicating that nanorods have considerable amount of structural defects. Then the localized electrons within nanorods experience a preferential backward scattering caused by the increased structural defects 12 or a Coulombic restoring force from charged defects. 13 The carrier scattering ͑or damping͒ time 0 related to the carrier conduction mobility through the Drude model is indeed shorter ͑13 fs͒ for nanorods than that for film ͑52 fs͒. 7 The observed shorter scattering time of nanorods suggests a faster capture rate to the defect states, which further supports the existence of the high defect concentration of nanorods. Therefore, observed shorter initial relaxation time constant of nanorods compared to film can be explained by the inverse relation between the carrier lifetime and the free electron density due to the increased electron trapping by the defects.
It is well known that nonradiative defect-related recombination has the carrier-density-independent lifetime. To identify the nature of the recombination in InN nanorods, differential transmission is measured for the pump fluence range of 0.32-0.96 mJ/ cm 2 ͑see Fig. 3͒ . The general behavior of transmission trace for each sample is the same and the average fast relaxation time constant of nanorods is 2.1Ϯ 0.3 ps. The slow relaxation components for both samples also do not show any observable pump fluence dependence. The pump-fluence-independent carrier lifetime suggests that the defect-related nonradiative recombination rather than Auger recombination is the common recombination process for nanorods and InN film. At high pump fluence ͑Ͼ0.6 mJ/ cm 2 ͒, the maximum negative change in transmission ⌬T terahertz max of InN film in Fig. 3͑b͒ shows saturation, while that of nanorods scales linearly with the pump fluence. The saturation of ⌬T terahertz max for InN film can be described as trap saturation due to the high photoexcited carrier density exceeding free electron concentration. However, the photoexcited carrier density of nanorods at pump fluence below 1 mJ/ cm 2 is still smaller than the free electron density so that photoexcited carrier density and subsequently ⌬T terahertz max increase linearly with pump fluence. Here we need to pay attention to the extremely slow relaxation time constant 2 observed for nanorods. In addition to the significant amount of defects, the physical properties of InN nanorods strongly depend on the geometrical nature of nanorods, such as high surface-to-volume ratio. Therefore carrier dynamics of nanorods can be sensitive to the carrier relaxation near the surface, which is significantly different from that of the bulk. In particular, it is known that the carrier diffusion reduces diffusion rate significantly near the surface.
14 Since the lattice heating takes place on the extent region in which the energy transfer occurs by diffusion, reduced diffusion rate near the surface corresponds to the reduced heated volume. We assume that the effective diffusion distance has the form of a conventional diffusion length ͑Dt͒ 1/2 where t is the time for a hot carrier to diffuse before losing its energy by phonon emission.
14 With the ambipolar diffusion coefficient of 2.0 cm 2 / s near the InN surface, 2 the corresponding diffusion length is about 45 nm in 10 ps, during which the lattice heating is achieved. This diffusion length is of the same order of the radius ͑average radius= 65 nm͒ of nanorods, indicating that carriers within nearly the whole volume of nanorods participate in the carrier relaxation process. The carrier lifetime near the InN surface is particularly slow and is known 2 to be 5.4 ns. This value agrees well with our abnormally long relaxation time constant ͑Ն7 ns͒ of nanorods, confirming that the carrier dynamics of InN nanorods is mainly governed by the carrier diffusion near the surface. Meanwhile, the same long relaxation of transient transmission response was observed for another InN nanorod sample 6 with much higher aerial density ͑8 ϫ 10 9 cm −2 ͒ of rods ͑not shown here͒. For this sample, the aerial density is so high that the gaps between the rods are very small and thus the excitation light cannot propagate through the gaps to excite the carriers in Si substrate. Therefore, the nanosecond-order relaxation observed for both nanorod films is the intrinsic property of the nanorod layer, not due to the slow relaxation of photoexcited carriers in Si substrate.
IV. SUMMARY
We have investigated the carrier relaxation dynamics in InN film and InN nanorods using optical pump-terahertz probe spectroscopy. Biexponential relaxation fit to the differential transmission traces shows that the carrier dynamics of InN film and nanorods is due to the fast hot carrier cooling through phonon emission and the defect-related nonradiative recombination process. The pump-fluence-independent relaxation dynamics rules out nonlinear recombination process such as Auger recombination. The extremely long relaxation time constant observed for nanorods indicates that the carrier relaxation process is dominated by the slow carrier diffusion in the vicinity of the surface, which is due to the geometrical characteristics of nanorods.
